Abstract The PK/PD of abatacept, a selective T cell costimulation modulator, was examined in rats with collageninduced arthritis (CIA) using a nonlinear mixed effect modeling approach. Male Lewis rats underwent collagen induction to produce rheumatoid arthritis. Two single-dose groups received either 10 mg/kg intravenous (IV) or 20 mg/ kg subcutaneous (SC) abatacept, and one multiple-dose group received one 20 mg/kg SC abatacept dose and four additional 10 mg/kg SC doses. Effects on disease progression (DIS) were measured by paw swelling. Plasma concentrations of abatacept were assayed by enzyme-linked immunosorbent assay. The PK/PD data were sequentially fitted using NONMEM VI. Goodness-of-fit was assessed by objective functions and visual inspection of diagnostic plots. The PK of abatacept followed a two-compartment model with linear elimination. For SC doses, short-term zero-order absorption was assumed with F = 59.2 %. The disease progression component was an indirect response model with a time-dependent change in paw edema production rate constant (k in ) that was inhibited by abatacept. Variation in the PK data could be explained by inter-individual variability in clearance and central compartment volume (V 1 ), while the large variability of the PD data may be the result of paw edema production (k in 0 ) and loss rate constant (k out ). Abatacept has modest effects on paw swelling in CIA rats. The PK/ PD profiles were well described by the proposed model and allowed evaluation of inter-individual variability on drugand DIS-related parameters.
Introduction
The etiology and pathology of rheumatoid arthritis (RA) are not well understood. Several environmental and genetic factors, such as tobacco smoking, certain HLA-DR (human leukocyte antigen class II molecules) and PTPN22 (protein tyrosine phosphatase, non-receptor type 22) risk alleles, have been found to be strongly associated with RA [1] . Since the HLA class II molecules are important in presenting antigens to CD4? T cells, RA is thought to be caused by certain arthritogenic antigen(s) [2] . Currently, no specific antigen for RA has been identified, although several possible endogenous antigens have been discovered. These include antigens that are present in the joint (type 2 collagen and chondrocyte glycoprotein gp39), and ubiquitous antigens such as glucose-6-phosphate isomerase [3] . Some exogenous agents, such as bacterial or viral proteins, have been investigated as well [4] .
RA presumably starts with T cell activation, which requires an antigen-specific signal and a co-stimulatory signal [5] . The first signal involves the recognition of arthritogenic antigen by antigen-presenting cells (B cells, macrophages, or dendritic cells), which then bind to CD4? T-cells through the interaction between T-cell receptor (TCR) and MHC complex. Another signal essential for complete T-cell activation is by the binding of a co-stimulatory receptor on T cell and a ligand on antigen-presenting cells. The best characterized signals are interactions between CD28 on CD4? T cells and CD80 (B7-1) or CD86 (B7-2) on antigen-presenting cells [6] .
Abatacept (CTLA-4Ig) is a soluble fusion protein that contains the Fc region of human immunoglobulin G1 (IgG1) and human cytotoxic T-lymphocyte antigen (CTLA)-4. It is the first member of the co-stimulation blockers [7] . CTLA-4 (also known as CD152) is naturally expressed on the surface of T cells and it competitively inhibits binding between CD28 and CD80/CD86, thereby suppressing T cell activation. Although it is very effective in inhibiting the co-stimulatory signal (binding efficiency to CD80/CD86 is 20-fold higher than CD28), its natural expression is very low compared with CD28 and only becomes detectable after TCR recognizes the MHC complex [8] . With the use of abatacept, T-cell activation is not complete, thus immune responses are suppressed. Previous clinical and pre-clinical studies had shown that abatacept can decrease the expression of cytokines and other biomarkers such as rheumatoid factor (RF) and C-reactive protein [9] .
Abatacept (brand name: Orencia) was developed by Bristol-Myers Squibb (BMS) and was first approved for treatment of RA and juvenile idiopathic arthritis in 2005 [10] . It was initially formulated to be administered as a 30-min IV infusion every 2-4 weeks and can be used either as monotherapy or concomitantly with other diseasemodifying anti-rheumatic drugs such as methotrexate (MTX) [9] . In 2011, weekly SC dosing of abatacept was also approved, providing more convenience to patients [9] . Although abatacept has demonstrated clinical success in RA treatment and produces chronic improvement of physical function in patients [9] , detailed information about its mechanisms of action is unknown. In our study, we aimed to investigate the effects of abatacept on RA by the use of a well-established CIA rat model.
Our laboratory has published a mechanistic disease progression (PK/PD/DIS) model to describe the inter-regulation of glucocorticoids and inflammatory cytokines (interleukin (IL)-1, IL-6 and tumor necrosis factor (TNF)-a) in RA and the PD effects (on paw edema and bone mineral density) of dexamethasone (DEX) in CIA Lewis rats [11, 12] . We have also investigated the PK/PD/DIS relationships of therapeutic proteins (etanercept and anakinra) using CIA rats [13, 14] . The current study was enacted to seek better understanding of the pharmacology of abatacept with quantitative assessment of its PK/PD properties.
Materials and methods

Drug
Abatacept [250 mg lyophilized powder per vial, BMS (Princeton, NJ, USA)] was purchased from a local pharmacy. Abatacept was reconstituted with 10 mL blank Lewis rat plasma. The vial was gently swirled for complete dissolution, and then the reconstitution was diluted with sterile saline for proper concentration before injection. Abatacept injection solution was freshly prepared with a new drug vial on every injection day.
Animals
Fifty male Lewis rats (6-9 weeks old) were purchased from Harlan (Indianapolis, IN, USA) with weights of 150-175 g. Animals were housed individually in the University Laboratory Animal Facility and acclimatized for 1 week under constant temperature (22°C), humidity (72 %), and 12-h light/12-h dark cycle. Rats had free access to rat chow and water. All protocols followed the Principles of Laboratory Animal Care (Institute of Laboratory Animal Resources, 1996) and were approved by the University at Buffalo Institutional Animal Care and Use Committee.
Induction of collagen-induced arthritis (CIA) in Lewis rats
The induction of CIA in Lewis rats followed protocols and used reagents supplied by Chondrex, Inc. (Redmond, WA, USA). The detailed procedures of the collagen induction have been previously described [11, 13] .
Experimental design
Paw edema and body weights were monitored throughout the entire study starting from day 0. Edema was indicated by swelling of the rat hind paws and was measured with digital calipers (VWR Scientific, Rochester, NY, USA) as previously described [11] [12] [13] [14] [15] . Edema was indicated by the sum of the paw and ankle area measurements for each hind foot. After evaluation of paw edema on day 20 postinduction, 23 CIA rats with paw volume increases of at least 50 % in one or two paws were selected and randomly assigned to four groups: vehicle control group which received either single (n = 3) or multiple (n = 3) blank SC injections, IV group (n = 5) which received 10 mg/kg IV abatacept, SC single-dose group (n = 6) which received 20 mg/kg SC abatacept, and SC Multiple-dose group (n = 6) which received 20 mg/kg SC abatacept on day 21 with subsequent 10 mg/kg SC doses on days 23, 25, 27, and 29. Control or single-dose groups received injections on day 21.
Serial blood samples (for PK assessment) were collected from the saphenous vein, using EDTA as an anti-coagulant. Blood samples for the IV group were taken at post-dose days 0.0417 (1 h), 1, 2 4, 8, and 14, while for the SC Single-dose group time points were at days 0.125 (3 h), 0.333 (8 h), 1, 2, 4, 6, 8, 12, and 14. For the SC Multipledose group, samples were withdrawn at days 0.125, 2, 4, 6, 8, 8.5, 9, 10, 12, and 14 after the first dose at day 21. Blood was collected right before dosing for the SC Multiple-dose rats on the injection days. All blood samples were centrifuged at 2,0009g for 10 min at 4°C. Plasma fractions were immediately transferred into micro-centrifuge tubes on ice and stored frozen at -80°C before further analysis.
Enzyme-linked immunosorbent assay (ELISA) methodology Plasma abatacept concentrations were determined by ELISA. Human sCTLA-4 Platinum ELISA kit was purchased from eBioscience, Inc. (San Diego, CA, USA). All samples were run in duplicate. The overall procedures followed the manufacturer's instructions except for the following modifications: All samples were diluted with 19 phosphate buffered saline before adding to the wells. No color-giving reagents in the kit were used. The linear range of the assay was 0.16-10 ng/mL. Two quality control samples (2.5 and 0.5 ng/mL) were included for assessing precision and accuracy. The lower limit of quantification of the assay was 0.16 ng/mL and the inter-day variability was around 15.0 %.
Pharmacokinetic model
Compartmental models were used to describe abatacept pharmacokinetics in CIA rats. One-, two-, and three-compartment PK models were tested to fit the IV data. Several models were tried to capture the SC absorption kinetics, including first-order absorption (Bateman function), shortterm infusion, and a 2-step approach (zero-order infusion followed by a first-order process). The equations in this section depict the final model selected.
The model for the 10 mg/kg IV group was a mammillary two-compartment model with linear elimination from the central compartment:
where A 1 and A 2 are amounts of drug in the central (V 1 ) and peripheral (V 2 ) compartments, CL and CL D are elimination and distribution clearances (CL), and C P = A 1 /V 1 . For SC injection, a short-term zero-order input was used for the absorption process.
where F is bioavailability and s is the input time period. The plasma concentration-time profiles of the three treatment groups were fitted simultaneously, and the parameter estimates were then fixed and applied in the combined PK/ PD model. Model residual variability was described with a combined additive and proportional model.
Pharmacodynamics and disease progression model
Two models were compared for fitting paw edema disease progression. The first model consisted of a model parameter (t onset ) for describing the lag time observed before the rapid raise of paw edema and a subsequent feedback function (R deg ) on the production of paw edema. This model was previously applied for describing the effects of etanercept [13] in CIA rats. The other was a transductionbased feedback model that contained a series of transit compartments which contributed both to the production and the natural edema remission. This model functioned well for characterizing the effects of anakinra in CIA rats [14] . The temporal changes of paw sizes for the three abatacept dosing groups were fitted simultaneously. The equations for the selected model shown in Fig. 1 were as follows:
where Paw is the sum of ankle and paw size of the rat hind foot. Only arthritic paw measurements were included in the PD analysis. The k grow is a zero-order rate constant accounting for natural paw growth, and t onset is a time delay in disease onset after collagen induction. The zero-order production rate k in is a function of time starting at the onset time, and R deg represents a linear decline in k in and accounts for the natural remission of arthritis after disease onset. The first-order rate constant k out describes the loss of edema. Drug-related parameters include the capacity constant I max (maximum loss of paw edema caused by abatacept) and sensitivity constant IC 50 (abatacept concentration producing 50 % of maximum inhibition).
Model fitting and data analysis
The PD effects of abatacept were assessed by comparison of area under the effect curve (AUEC). Post-dose paw edema data of each rat paw was normalized with their respective value at the beginning of drug administration (on day 21), and the AUEC was calculated between day 21 till the end of the study (day 47). AUEC of paw edema profiles were statistically tested by the two-sided BailerSatterthwaite method [16, 17] , and the t-statistic (t obs ) was calculated as:
where AUEC C and AUEC D are the AUECs of the control and drug-treated rat paw edema, and s 2 (AUEC) is the variance of the AUEC. The paw edema profiles were considered statistically different if t obs C 2.39, which is the Bonferroni-corrected critical value (z crit ) in this analysis.
Model fittings were performed by the first-order conditional estimation method with the interaction module in NONMEM VI [18] . The PK profiles were first fitted and the resulting parameter estimates were fixed and applied in the combined PK/PD model. The inter-animal variability of the parameters was modeled with an exponential function. The residual variability model was selected among additive, proportional, and combined additive and proportional models. The number of fixed and random effect parameters was determined by v 2 discrimination test, where a change of 3.84 in the objective function reflects a significant effect of a parameter. The final model was evaluated based on the value of the objective function, precision of parameter estimates, visual inspection of various diagnostic plots, and visual predictive check plots. Visual predictive checks and diagnostic plots were constructed using the R program [19] . Model simulations were conducted with the Berkeley Figure 2 depicts the concentration-time profiles of the three treatment groups. The abatacept concentration-time profile after IV dosing showed a poly-phasic decline. Abatacept concentration rose rapidly soon after SC Single-dosing and remained flat for 2-4 days, and then declined mono-exponentially. The trough concentrations after SC multipledoses gradually increased during the treatment period and peaked 2 days after dosing terminated (on day 29). The terminal phases of all three dosing groups were parallel, suggesting unchanged elimination kinetics across the three groups. Noncompartmental (NCA) analysis suggested that abatacept exhibits linear PK across the studied doses. The NCA CL is 20.8 mL/day/kg, volume (V ss ) is 146 mL/kg, and bioavailability (F) of the SC dose dosing is 57.7 %. Figure 1 shows the structure of the selected PK/PD model. A two-compartment model with linear elimination best fitted the IV PK profile. For SC doses, a short-term infusion type of absorption pattern best described the absorption kinetics. The 2-step absorption model (zeroorder infusion followed by a first-order process) also captured the data, but it resulted in a higher objective function and less accuracy in parameter estimates. Figure 2 shows the observed PK data and 90 % confidence interval (CI) of the model predictions. All data points fell within the 90 % CI of the model predictions, which indicated that the PK model well captured the concentration-time profiles of the three dosing groups. Figure 3 displays the diagnostic plots for the PK model. The weighted residuals are distributed evenly across the zero line (Fig. 3a, b) and the individual predictions improved after the random effects were considered (Fig. 3c, d) .
Results
Pharmacokinetics
The PK parameter estimates are listed in Table 1 . Overall, model parameters were estimated with good precision. The estimated bioavailability of the SC dose was 59.2 %, which is close to 57.7 % as calculated by NCA and a previous reported value of 62.5 % [20] . The zero-order input duration was estimated to be 2.67 days. Inter-individual variability appeared to be significant for both CL and V 1 parameters, which accounted for 9.67 and 56.2 % of the variability in PK data. Pharmacodynamics and disease progression Disease progression of paw volume in both control and abatacept-treated CIA rats and the PD model predictions are shown in Fig. 4 with typical patterns of delay, rise to peak, and later fall off. Statistical analyses were performed to compare the AUEC of the time curves of paw size ratio changes normalized with respective initial values. The normalization was necessary since CIA rats exhibited variable degrees of responses to collagen induction and abatacept treatment. The AUEC (mean ± SE) for the control, IV, SC single-dose, and SC multiple-dose groups before abatacept administration (on day 21) were 24.0 ± 0.2, 23.3 ± 0.3, 22.9 ± 0.4, and 23.5 ± 0.3 fold 9 day and are not significantly different from each other. After the paw edema data was normalized with the value on day 21, the AUEC of the SC single-dose (20.0 ± 0.3 fold 9 day) and the SC multiple-dose (19.9 ± 0.3 fold 9 day) groups were significantly lower (t obs = 3.25 and 3.81, respectively) than the control group Both the simple model and the transduction-based model well described the time delay and later profile of the paw edema disease progression. However, the simpler model was selected since it required fewer parameters, provided better precision of parameter estimates, and resulted in a lower objective function value. Figure 4 depicts the observed paw edema data and the model fittings (90 % CI) of the four groups. The model provides reasonable characterization of the paw edema for the control and drug dosing groups, with a slight over-prediction of the IV dose group. Figure 5 shows the goodness-of-fit plots of the PD model. The residuals distribute symmetrically around the zero line, and there is good agreement between the observations and model predictions. Table 2 provides the PD parameter estimates. The only parameter that was not estimated is R deg , which was fixed to the previously reported value of 0.128/day [13] . All parameters were estimated with acceptable precision, with a slightly higher relative standard error (RSE % of 131.7 %) for IC 50 . The t onset parameter was 14.3 days, which is close to the 14.5 days value found in the etanercept study [13] . The maximum effect of abatacept on paw edema (I max ) was 0.161, which agrees with its modest effects. The IC 50 of abatacept was 0.731 lmol/L. Considering the inter-individual variabilities in k grow , k out , k in 0 , and Paw 0 was necessary to generate the lowest objective function. They were estimated to account for 63.1, 6.40, 18.1, and 4.93 % of the variability in the PD data. No improvements were found when the inter-individual variabilities of the drug-related parameters (I max and IC 50 ) were incorporated.
Discussion
Pharmacokinetics
Abatacept PK have been investigated in different species [20] [21] [22] [23] [24] [25] [26] . All these studies indicated that abatacept exhibits linear kinetics following single or multiple doses. Our analysis also agreed with these findings. The use of a twocompartment model has been reported for abatacept. Population analysis of human abatacept PK data also indicated the same model worked well for data from clinical trials [25, 26] . All PK parameter estimates were consistent with the values previously reported by BMS in rats [20] . Our CL was 21.8 mL/day/kg, close to 28.1 mL/day/kg reported. The V ss reported was 149 mL/kg, similar to our 131 mL/kg as the sum of V 1 (69.5 mL/kg) and V 2 (61.9 mL/kg) ( Table 1) . Variability in our rat PK data can be explained by the inter-individual variability in both CL and V 1 , which is consistent with the findings in human studies [25] . These parameters are typically proportional to body weight in adult animals and humans. The inter-individual variability in CL may also result from the differences in glomerular filtration rate, which was found to be an important covariate for CL in a previous population analysis of human abatacept PK [25] .
The SC bioavailability of abatacept (dosages 10-200 mg/kg) in rats ranged between 41.1 and 62.5 %, but tended to decrease as doses increased [20] . Our model estimated bioavailability was 59.2 %. Two different bioavailability terms (F) were tested for the two dose levels in our analysis, but did not decrease the objective function value. Therefore, only one F parameter was included in the final model. The bioavailability of SC dosing in humans is 78.6 % [9] . The interspecies difference in SC bioavailability may be explained by factors such as product formulation, skin morphology, proteolytic activity, or injection site [27] . In our study, SC abatacept solution was prepared using lyophilized drug reconstituted with rat plasma, whereas a prefilled syringe containing abatacept solution was injected in humans. Another possibility is immunogenicity, which may occur in rats due to the humanized nature of abatacept. Although not measured in our study, the formation of anti-abatacept antibodies has been observed in other animal studies [20, 21, 23, 24] . It has been found previously that more than 33 % of the rats receiving SC multiple doses of abatacept showed immunogenic responses [20] . This percentage is much higher than the \1 % found in a clinical trial [28] .
Our study showed that abatacept absorption kinetics following SC injection in CIA rats was slow, which agrees with the previous findings in rats and mice [20, 23] . The absorption pattern can be described as a short-term constant input, and the duration was estimated to last for 2.67 days. It is difficult to compare the SC absorption pattern in humans and rats because of the absence of literature reports on the details of human SC PK. However, it is reported that in humans SC abatacept not only has a similar PK pattern with IV infusion, but also exhibits a comparable safety and efficacy profile and low immunogenicity [28] . The absorption pattern for these two administration routes also appeared to be similar for other macromolecules such as trastuzumab and golimumab [29, 30] . These observations suggested the suitability of mimicking the SC absorption process using constant input.
Pharmacodynamics and disease progression
The CIA rat model is the most frequently used experimental model to mimic the human disease with an advantage of a relatively short time-frame and readily measured disease markers [11] [12] [13] [14] [15] . This CIA model shares many similar disease characteristics with human RA, such as synovial immune infiltration, pannus formation and joint destruction, and it also exhibits many common immunological factors seen in human RA, including RF and anticollagen type II antibodies. However, it is not completely identical to RA, and some differences include the much longer latent phase (up to years) and the symmetrical joint involvement often observed in human RA [31] . Other commonly used animal models include adjuvant-induced arthritis (AIA) and streptococcal cell wall arthritis models, but the CIA model has features that better resemble human RA. For instance, arthritogenic antibodies and strong B-cell responses are observed in RA, and both contribute to the CIA disease progression. However, these are not present in the AIA model [32] . Our previous publication has shown that the CIA Lewis rat model is preferable to the AIA model for PK/PD assessment of RA therapeutics [15] , and therefore this animal model was selected in the current study.
Assessments of biomarkers and disease endpoints in control and drug-treated CIA rats allow the development of mechanistic models, which can describe the natural disease progression as well as the PD effects of drugs. Although the etiology and pathophysiology of human RA is more diverse than that in CIA rats, the mechanistic model can capture the major features of the disease and serve as a simplified yet scientifically-based tool for understanding human RA. The mechanism of action of various therapeutics can also be characterized by the mechanistic model. Such translational modeling practices have been extensively used for studying inflammatory conditions and characterizing the properties of anti-inflammatory therapeutic agents [33] . The PD model used in our study was first developed to describe the effects of etanercept on paw edema in CIA rats [13] . Paw sizes of healthy rats were observed to follow a slow and linear type of growth reflected by the parameter k grow . The disease progression component was based on an indirect response model (IDR), where k in and k out represent the production and loss processes of paw edema. The disease condition was assumed to be active in the system starting at time t onset , after which a rapid raise of paw edema was observed. Paw edema in CIA rats peaked around day 21 after collagen induction and began to decline naturally afterwards. The natural remission was represented by the linear function R deg , as it negatively regulates the production process k in . Since abatacept functions as a co-stimulation blocker that affects T-cell activation and the subsequent cytokine cascade, it is reasonable to assume that the mechanism of action of abatacept is similar to etanercept in inhibiting paw edema production. Thus, the same PD model should be appropriate to describe the effects of abatacept in CIA rats. Application of the IDR type model not only has the advantage of revealing parameters regarding both the capacity (I max ) and sensitivity (IC 50 ) of drug effects, but also allows the comparison of the efficacy of abatacept with other previously studied therapeutic agents (to be discussed). Our results showed that the model was able to capture the disease progression and PD of abatacept in CIA rats. Estimates of most DIS-related parameters, such as t onset and k grow , were close to the previously reported values. However, the baseline rat paw volume (Paw 0 ) in our current study (55.4 mm 2 ) was slightly lower than those in the etanercept (*62.6 mm 2 ) [13] and anakinra (57.1 mm 2 ) studies [14] . This reflects batch-to-batch differences in the rats and emphasized the importance of considering interindividual variability in our modeling analysis.
One caveat in our previous etanercept analysis was that a naïve pooling approach left considerable variability in the data that could not be explained. The current analysis adopts population modeling to improve our understanding of sources of variability. The random effects in the k grow , k out , k in 0 , and Paw 0 parameters were assessed. It is reasonable to observe inter-individual variability in k grow and Paw 0 , as individual rats may have different natural growth rates and initial paw sizes. The inter-individual variability terms on k out and k in 0 reflect the different immune responses of rats to collagen. Rats react diversely to the collagen challenge. The success rate of inducing CIA in rats is only about 50 %, and those that become arthritic may exhibit swelling in one leg or in both. The severity of paw edema also differs among the group, and therefore it is plausible for the rats to have considerable differences in k out and k in 0 parameters. Variability was not significant for t onset , which was reasonable as all the paw increases have similar onset times (around day 14) .
Abatacept has demonstrated safety and efficacy in treating RA in humans [34] [35] [36] [37] . In pre-clinical studies, it was shown to prevent arthritis development and bone destruction in CIA rats when used prophylactically [38] . Efficacy of abatacept in a CIA mouse model was reported as it ameliorated T helper cell 1 (T H 1) responses [39] . The drug also elicited immunosuppressive effects in cynomolgus monkeys immunized with sheep red blood cells [21] . All these reports suggested good efficacy of abatacept in treatment of arthritis. However, in our study abatacept was far less efficacious.
In vitro study has shown that a 1.0 lg/mL concentration results in significant inhibition of T cell proliferation, and the maximal effects occur at 10 lg/mL [40] . This finding became the basis of further dosage selection in clinical studies, where the trough concentration (C min ) was regarded as the most important factor in dose determination because maintaining a prolonged efficacious exposure at the site of action is critical for anti-rheumatic drugs [25] . Abatacept dosage in humans was determined based on the relationship between ACR20 (American College of Rheumatology Criteria for 20 % improvement) and C min . The steady-state mean (range) is 24 (1-66) lg/mL after multiple IV infusions and 32.5 (6.6-113.8) lg/mL after SC doses [9, 25] . Our estimated IC 50 value (0.731 lmol/L, circa 67.3 lg/mL) is both within the expected clinically effective concentration range and our dosing regimens produced plasma concentrations exceeding this value (Fig. 2) .
In our previous report assessing effects of etanercept in CIA rats we hypothesized that multiple-dosing regimens could improve the treatment outcome [13] . Therefore, such dosing groups were added to our subsequent studies with anakinra [14] , MTX [41] , and abatacept. The doses selected in our studies were based on previous findings that showed successful use of the drug in similar animal models [39, 42, 43] . In this study, the doses selected were even higher than the previously shown efficacious dose in the CIA model [39] . Nevertheless, our experimental results were not as expected as anakinra, MTX, and abatacept all showed modest effects (I max values of 0.279, 0.160, and 0.161) on reduction of paw edema. Our modeling results indicated that IC 50 concentrations (49.4 ng/mL for anakinra, 0.712 nM for MTX, and 0.731 lmol/L for abatacept) were exceeded with the experimental dosing regimens, so dose selection may not be a reason for lack of efficacy and further increases in dose should not produce stronger effects.
One explanation for the difference in our results compared to others may be the starting time of the treatments. In previous studies that showed significant drug effects [39, 42, 43] , dosing was initiated shortly after disease onset (on day 1 of arthritis symptoms). Figure 6 shows model simulations of situations where SC multiple-dosing of abatacept (20 mg/kg on the first day followed by 4 more 10 mg/ kg doses every 2 days) were assumed to start on different days post-induction. Simulations were performed to generate profiles of paw edema when SC abatacept is started on days 14, 16, 18, or 21. It can be seen that even though abatacept has modest effects, greater suppression of paw edema may be attained with the earlier dosing schedule. The peak of paw edema decreases to around 110 mm 2 when dosing starts at day 14 compared with 120 mm 2 in the control group. This is in agreement with previous recommendations of early intervention of biologics in RA treatment for better therapeutic outcomes and overall disease control [44, 45] .
The current dosing schedule that started at day 21 post-induction was selected initially because our interest was in regard to the therapeutic (not preventive) effects of the drug. Our previous study with DEX indicated that paw edema peaks at day 21 and can be completely suppressed by DEX given on day 21 [12] . In this animal model, multiple pro-inflammatory cytokines are responsible for producing paw edema and direct inhibition of these cytokines appears most effective in suppressing symptoms. DEX inhibits gene expression of TNF-a, IL1b, and IL-6, and thus is more effective than the biologics which block only one of these cytokines. Our study results with etanercept, anakinra, and abatacept also agreed with the previous DEX study that TNF-a inhibitors are the most effective protein therapeutic agent for suppressing paw swelling in this animal model [12] , and this is indicated by the greater inhibitory effect of etanercept (I max = 0.289) [13] compared with that of anakinra (I max = 0.279) [14] , MTX (I max = 0.160) [41] , and abatacept (I max = 0.161).
Another possibility for the good efficacy of DEX may be because DEX, as a lipid-soluble small molecule, has better penetration to peripheral sites of inflammation such as the rat paw. The other evidence supporting this hypothesis came from our study with MTX, which is considered the ''gold standard'' drug for RA. MTX presumably causes apoptosis of activated lymphocytes and adenosine [46] and requires further metabolism within the red blood cells for exerting its effects [41, 47] . It only partly inhibits production of some cytokines (mainly TNF-a) and is not effective on others [48] , which is likely the reason why it showed only modest effects on paw edema in CIA rats [41] .
It is important to keep in mind that even though DEX is effective on paw edema reduction, it also has other toxicity issues such as bone loss [49] . Biologics, such as etanercept and other TNF-a blockers [50] , may provide greater safety in this aspect. Taking into account the efficacy and toxicity features of different therapeutic agents is crucial for RA treatment and the dose optimization of combinations of multiple agents may be necessary for the best therapeutic outcomes.
Conclusions
The pharmacokinetics and pharmacodynamics of abatacept in CIA rats were well described by the proposed population PK/PD/DIS model. A two-compartment model with linear CL characterized the time-concentration profiles of abatacept for the three dosing groups. For SC dosing groups, the absorption rate was modeled as zero-order input with F = 59.2 %. Effects of abatacept on paw volume in CIA rats are modest, but reasonably characterized by our PK/ PD/DIS model. Treatment of RA with abatacept (and possibly other biologics) should begin as early as possible in order to maximize the therapeutic benefits. 
